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Background: The Src homology domains, SH3 and
SH2, of Abl protein tyrosine kinase regulate enzymatic
activity in vivo. Abl SH3 suppresses kinase activity,
whereas Abl SH2 is required for the transforming activity
of the activated form of Abl. We expect that the solution
structures of Abl SH3, Abl SH2 and Abl SH(32) (a dual
domain comprising SH3 and SH2 subdomains) will
contribute to a structural basis for understanding the
mechanism of the Abl 'regulatory apparatus'.
Results: We present the solution structure of the free
Abl SH3 domain and a structural characterization of the
Abl regulatory apparatus, the SH(32) dual domain. The
solution structure of Abl SH3 was determined using
multidimensional double resonance NMR spectroscopy.
It consists of two antiparallel 3 sheets packed orthogo-
nally, an arrangement first shown in spectrin SH3. Com-
pared with the crystal structure of the Abl SH3
complexed with a natural ligand, there is no significant
difference in overall folding pattern. The structure of the
Abl SH(32) dual domain was characterized by NMR
spectroscopy using the 1H and 5N resonance assignment
of Abl SH3 and Abl SH2. On the basis of the high
degree of similarity in chemical shifts and
hydrogen/deuterium exchange pattern for the individual
domains of SH3 and SH2 compared with those of the
SH(32) dual domain, a structural model of the Abl
SH(32) regulatory apparatus is suggested. This model is
in good agreement with the ligand-binding characteris-
tics of Abl SH3, SH2 and SH(32). The binding constants
for isolated SH3 and SH2 domains when binding to
natural ligands, measured by intrinsic fluorescence
quenching, do not differ significantly from the constants
of these domains within SH(32).
Conclusion: The solution structures of free Abl SH3 and
Abl SH2, and the structural model of Abl SH(32), pro-
vide information about the overall topology of these
modular domains. The structural model of Abl SH(32), a
monomer, consists of the SH3 and SH2 domains con-
nected by a flexible linker. Sites of ligand binding for the
two subdomains are independent.
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Introduction
The enzymatic activity of intracellular protein tyrosine
kinases involved in signal transduction appears to be
modulated by domains that are collinear with the kinase
domain. In several cases, it has been clearly established
that the Src homology 2 and Src homology 3 (SH2 and
SH3) domains play such a role [1,2]. From experiments
with Abl the evidence, in summary, is that mutation or
deletion of SH3 activates the intrinsic transforming
activity of the normally non-transforming products of
this proto-oncogene [1], whereas mutation or deletion
of SH2 decreases or eliminates the transforming ability
of activated kinases (i.e. those that already have some
kind of activating mutation) [2]. Furthermore, substitu-
tion of SH2s, in Abl, permits transformation, but results
in a different pattern of phosphorylated products [1]. In
the absence of both SH2 and SH3, the proteins pro-
duced appear to be non-transforming. All of the genetic
evidence collected so far is consistent with SH2 func-
tion being required for the activated, transforming state,
and with SH3 serving to negatively regulate
transforming ability in the normal protein. As Abl pro-
tein kinase is not tyrosine phosphorylated, the mecha-
nism by which the Abl 'regulatory apparatus' controls
the activity of this kinase must be different from that of
the Src family of kinases, for example Src and Lck. In
both of these Src family enzymes a cis inactivation
mechanism operates, involving the intramolecular asso-
ciation of the phosphotyrosine (PTyr) site with an SH2
in the same chain, with possible mediation by the SH3
that is also located on the same chain [3]. In the case of
Abl, the mechanism of regulation is thought to involve
the interaction between SH3, SH2, and another
unidentified factor [1]. Recent studies reveal that the
Abl kinase can acquire an additional SH2 domain, in
trans, from a substrate such as the adaptor protein Crk
[4-6], leading to processive phosphorylation [7].
It has been commonly accepted that receptor tyrosine
kinases are regulated by ligand-induced dimerization and
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cross-phosphorylation. Furthermore, the involvement of
phosphorylation-controlled homomolecular dimeriza-
tion via SH2s in activation of the transcription factors
STAT1 [8] and IL-4 STAT [9], has been directly
demonstrated. For the Src family member Lck, the crys-
tal structure of the regulatory apparatus [i.e. the SH3
and SH2 domains, expressed as a fragment, SH(32)] is a
dimer, modified by an SH2 ligand [10]. In the absence
of ligand, the dimerization and substantial inter-
molecular SH(32) contacts were observed in the crystal,
but not in solution [10]. The solution structure of Abl
SH2 has been determined using NMR [11], and a crys-
tal structure of the Abl SH3 domain in association
with the ligand 3BP1 (Ala-Pro-Thr-Met-Pro-Pro-
Pro-Leu-Pro-Pro) has recently been reported [12]. The
relationship between Abl SH3 and Abl SH2 in the regu-
latory apparatus, however, is unknown. The negative
regulatory function of Abl SH3 in vivo is extremely
position sensitive [1].
In this paper, we report the solution structure of the free
Abl SH3 domain, and the structural character of an Abl
SH(32) dual domain construct, determined by NMR
spectroscopy. The solution structure of the Abl SH(32)
dual domain was studied in order to reveal the relation-
ship between the SH3 and SH2 domains. On the basis of
the Abl SH3 and Abl SH2 solution structures and NMR
characterization of the Abl SH(32) dual domain, we pro-
pose a model for the Abl SH(32) solution structure. In
this model, Abl SH(32) exists as a monomer, consisting
of Abl SH3 and SH2 domains connected by a flexible
segment of approximately nine residues, with the contact
between the SH3 and SH2 subdomains being very lim-
ited. The relative orientation of these two subdomains is
not restricted. This structure model is in complete
agreement with the ligand-binding characteristics of
Abl SH3, Abl SH2 and Abl SH(32) that were observed
using intrinsic fluorescence quenching.
Results and discussion
Solution structure of Abl SH3
Resonance assignment and secondary structure of Abl SH3
The solution structure of Abl SH3 was determined by
multidimensional multinuclear NMR spectroscopy. The
resonance assignment was based on combinations of
two-dimensional (2D) double resonance experiments,
double quantum filtered correlation spectroscopy
(DQF-COSY) [13], total correlation spectroscopy
(TOCSY) [14], nuclear Overhauser effect spectroscopy
(NOESY) [15], heteronuclear multiple quantum coher-
ence (HMQC) [16], heteronuclear triple quantum
coherence (HTQC) [17] and J-HMQC [18]
spectroscopy, and confirmed by a 3D H-15 N NOESY-
HMQC [19] experiment. Most spin systems were iden-
tified through DQF-COSY and TOCSY spectra, at
different mixing times, both in H 2 0 and in D2 0.
'H- 13 C correlated spectra, heteronuclear single quan-
tum coherence (HSQC) [20] and heteronuclear
quadrupole quantum coherence (HQQC) [21] spectra
at natural abundance, combined with TOCSY spectra,
confirmed residue-type identification. Sequence-spe-
cific assignment was carried out on the basis of unique
dipeptide bonds in Abl SH3 (about 80% of the total
number of dipeptide bonds) and the character of
secondary structure elements. The overlapped peaks in
the 2D NOESY spectrum were resolved by using 15 N
dispersion in 3D NOESY-HMQC spectra.
Fig. 1. Summary of sequentially depen-85 75 55 95 105 115 dent data related to Abl SH3. The amino
LFVALYDFVASGDNTLSITKGEKLRVLGYNHNGEWCEAQIKNGQGWVPSNYITPV dent data related to Abl SH3. The amin
acid sequence of the protein is shown in
rdrkrN N(ikh l} =+1) rkn n the top section, corresponding to
residues 65-119 in the complete Abl
dpN(i,i+l) sequence. dN(i,i+1), dN(ii+1) and
dNN(i,i+l) are sequential NOEs between
dNN(i,i+l) residues i and i+1. The relative bardN (i.i+3) heights represent strong, medium and
dolN (, +2) weak NOEs. dN(i,i+2) and d N(i,i+3)
3JUN are the observed NOEs between
residues i, i+2 and i, i+3, respectively.
kex *3xoi ioo 0 0 0 0 3JaN is the coupling constant between
NOEs cta proton and amide in non-glycine,
non-proline residues, extracted from
RMSD r r -." HMQC-J experiments. The relative bar
t c 1 ~F+++- heights represent the coupling constants
>8 Hz, 7-8 Hz and <7 Hz. kex indi-
cates amides in relatively slow
IBl 132 T P3 p4 p5 31 p6 exchange. Residues which have opeg
circles are those in which the amide sig-
nal remained 15 minutes after adding
D20; stars indicate an amide signal that
remained observable for 25 minutes or longer. NOEs shows the distribution of NOE constraints in solution structure of Abl SH3. The y
axis represents the number of NOEs, range 0-40 (see Fig. 3 for the details). RMSD shows the global mean rms deviation of the back-
bone non-hydrogen atoms for the ensemble of 20 DIANA [23] structures. B factors refers to the Ca B factors for molecules A and B(cross and line, respectively) in the crystal structure of the Abl SH3-3BP1 complex [121. The rms deviation and all B factors have been
normalized for comparison. At the bottom, the observed elements of secondary structure are listed along the sequence, and indicated
with '' for strand, 'T' for turn (type II) and '310' for 310 helical turn.
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Fig. 2. Sketch of the antiparallel(3 sheets, S1 and S2, in the Abl-SH3
solution structure. The observed long-
range NOEs between strands are indi-
cated by solid lines. Hydrogen bonds
from slowly exchanging amides,
supported by interstrand NOEs, are
indicated by dashed lines.
Elements of secondary structure were identified by sev-
eral NMR criteria, as summarized in Figure 1. The
NMR spectra of Abl SH3 (DQF-COSY, NOESY and
J-HMQC) demonstrate that 3 sheets are the major com-
ponent of the secondary structure. This is shown by the
large 3J(H'-Hot)s observed in J-HMQC and
DQF-COSY spectra, the strong Hcai-H'i+ 1 NOE peaks
in NOESY/H 2 0 spectra and the long-range Hai-Hai+j
NOE peaks in NOESY/D 2 0 spectra from ao protons on
two strands of a ( sheet. On the basis of these character-
istics, and the location of slowly exchanging amides, six( strands were identified. Five of them - 31 (residues
65-72), (33 (87-93), (34 (99-104), (35 (108-111) and (36
(117-119) - are relatively well defined and form two
antiparallel 3 sheets, S1 (31 and (36) and S2 (3, (4 and
(35) (Fig. 2). Hydrogen bonds indicated in Figure 2 were
derived by identification of the amide hydrogens in slow
exchange and by the presence of interstrand NOEs. The
second (3 strand, (2 (80-83), appears to be less rigid.
The connection between (2 and 131 was not characteris-
tic of a regular antiparallel (3 sheet as, instead of a possible
interstrand Ha-Hai+. NOE, an H(-H' NOE between
residues 82 (in strand (32) and 72 (in strand (1) was
found. For residues 84-86, a small 3 J(H'-Hot) coupling
constant of residue 84, a very strong Hoti-H'i+ NOE
between residues 84 and 85, and a strong Hai-H'i+
NOE between residues 85 and 86, plus the weak NOE
between residues 84 Hox and 86 H', defined a type-II
turn [22]. Residues 112-116 were identified as a helical
turn by the strong Haot-H'i+l NOE between residues
113-116, and by the small 3J(H'-Ha) coupling constants
of residues 113 and 114. The Haoi-H'i+2 NOE, which
distinguishes a 310 helix from an a helix, was observed
between residues 112 (proline) and 114.
3D solution structure of Abl SH3
The 3D structure of Abl SH3 was calculated using the
distance geometry program DIANA [23]. A total of 640
significant-distance constraints, derived from NOE
cross-peak volumes and 44 '1 angle constraints, were
used as initial input. Figure 3 shows the distribution of
the NOE constraints.
Figure 4a is a ribbon diagram of the Abl SH3 solution
structure. The width of the ribbon is proportional to the
mean backbone root mean square (rms) deviation of the
20 converged DIANA structures of lowest target func-
tion. It consists of two antiparallel sheets, S1 and S2,
packed tightly together and almost at right angles to each
other. These two sheets, plus the 3 10 helical turn
(112-116), form the core part of Abl SH3 structure.
Figure 4b shows the overlay of backbone atoms from 20
converged DIANA conformers. The maximum violation
of upper bound limits is less than 0.4 A and the maxi-
mum violation of angle constraints is less than 4° . The
mean global (residues 65-119) backbone rms deviation is
1.02 + 0.18 A, and the mean global heavy atom rms
deviation is 1.81 ± 0.18 A. The distribution of the
S1
S2
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are excluded, the mean backbone rms deviation is 0.63 +
0.13 A and the mean heavy atom rms deviation is 1.36 ±
0.16 A. The Ramachandran plot of the 20 DIANA
structures, generated using program PROCHECK [24],
is shown as Figure 4c. From the character of the plot it
can be seen that the major components of the secondary
structure of Abl SH3 are 13 sheets.
Fig. 3. The distribution of NOE constraints. Intraresidue NOEs,
are in purple; NOEs between residues i and i+1, magenta; NOEs
between i and i+j (2<j<5), yellow; and long-range NOEs, green.
backbone rms deviation is shown in Figure 1, along with
the distribution of NOE constraints and B factors in the
Abl SH3-3BP1 crystal structure [12]. Using the same
notation as in the crystal structure [12], in the NMR
solution structure the rms deviations of the RT-Src loop
(residues 73-79), n-Src loop (94-98) and distal loop
(105-107) are higher than the mean value because of the
small number of NOE constraints (Fig. 1). If those loops
Comparison with other structures of SH3 domains
The solution structure of Abl SH3 is consistent with
other published structures of SH3 domains. It shows the
same overall folding pattern first described by Musacchio
et al. [25] for spectrin SH3. The 310 helical turn and the
interface of the antiparallel sheets S1 and S2 form the
core of the SH3 structure. The conserved aromatic
residues Tyr70, Tyr72, Trp99, Tyr115 and Proll2 (Figs
4d,5) are on one side of the core. They are crucial
for the binding of the SH3 domain to proline-rich
sequences, as shown by studies of several SH3-ligand
complexes involving Abl [12], Src [26], PI3K [27], Fyn
[12,28], Grb2N [29,30] and c-Crk [31]. This common
structural characteristic of SH3 domains is responsible for
the recognition of the Pro-x-x-Pro motif (where x is any
residue), which is frequently found in SH3 ligands [32].
The ligand specificity of Abl SH3, however, is
quite different from other SH3 domains. Two fragments
of natural ligands of Abl SH3, 3BP1
Fig. 4. Three-dimensional solution struc-
ture of Abl SH3 determined by NMR
spectroscopy. (a) Ribbon diagram depic-
tion (Biosym, INSIGHT) of one of the 20
DIANA structures with lowest target
function. The width of the ribbon is pro-
portional to the rms deviation of back-
bone atoms. The 3 strands p31 and 36
form 3 sheet S1 (red), and 33, 34 and 35
form 3 sheet S2 (purple). The elements
of secondary structure are labeled as in
Figure 1. The loops are labeled as in 112].
(b) The overlay of 20 converged DIANA
conformers of Abl SH3 that gives the
optimal overlap of the backbone atoms
from 3 sheets and helical residues
(66-72, 80-83, 87-93, 99-1 04,
108-119). (c) Ramachandran plot for the
+ and * angles of residues 65-119 in the
20 DIANA structures of Abl SH3.
Glycines are indicated by filled triangles
and all other residues are indicated by
filled squares. 97.6% of the residues
(excluding glycine and proline) are in the
favored regions. The remaining 2.4%
(Asp77, Asn78, His95 and Lys105) are in
generously allowed regions and have few
experimental constraints. (d) A view of
the solution structure of Abl SH3 that
shows that the conserved aromatic
residues Tyr70, Phe72, Trp99, Tyr115
and residue Prol 112 (coloured in yellow)
are on one side of the hydrophobic core
(red) formed by two 3 sheets and a 310
helical turn. Non-conserved residue
Thr79, in the RT-Src loop, and partially
conserved residue Trp110 (both residues
in green) may influence Abl SH3 ligand-
binding specificity.
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Fig. 5. Sequence alignment for a subset of the SH3 family with known structure [12,25-311. Secondary structural features are indicated
below the alignment. The loops and 3,0 helical turn are labeled as in the crystal structure [12]. The ,B strands are labeled according to the
Abl SH3 solution structure as six 1 strands were observed in several SH3 solution structures. Bold letters indicate conserved residues.
(Ala-Pro-Thr-Met-Pro-Pro-Pro-Leu-Pro-Pro) and
3BP2 (Pro-Pro-Ala-Tyr-Pro-Pro-Pro-Pro-Val-Pro)
[33], have been identified, and, unlike the ligands of
other SH3 domains, they have no positively charged
residues. Figure 5 shows that residues in the Abl SH3
RT-Src loop are much less acidic, and that Thr79 in the
Abl SH3 is replaced by the acidic residues glutamate or
aspartate in the other SH3 domains.
Compared with the crystal structure of Abl SH3-ligand
complexes [12], the overall topology of Abl SH3 in solu-
tion is essentially unchanged, except that the crystal
structure appears more compact, and the opening
between the RT-Src loop and n-Src loop is 2-4 A wider
in the solution structure than in the crystal. For example,
the average distance from the Asp77 Co (at the top of
the RT-Src loop) to the Asn94 Ca, His95 Ca and Asn96
Caot (in the n-Src loop) is 19 1.8 A in the
Abl-SH3-3BP1 solution structure, but in the crystal
structure, it is 15 A. From the Glu98 Ca (in the n-Src
loop) to the Asp77, Asn78, Thr79 Cas (in the RT-Src
loop), the average distance in the solution structure is
16 ± 1.3 A, but in the crystal structure it is 14 A. Super-
position of the backbones of the solution structure and
the crystal structure (residues 65-119) yields rms devia-
tions of 1.73 A and 1.78 A for molecules A and B in the
crystal structure, respectively. The deviations arise mainly
from the disposition of the RT-Src and n-Src loops and
the 32 strand and this may be because the crystal struc-
ture is in a ligated form. Another small difference
between the solution structure and the crystal structure is
that six 13 strands were observed in the solution structure,
with a well defined type-II turn connecting 2 and 133,
but in the crystal structure this turn and the 132 strand are
part of the RT-Src loop. The backbone rms deviation
distribution in the solution structure correlates quite well
with the B-factor curve in the crystal structures (Fig. 1).
Regions with large rms deviations (RT-Src, n-Src and
distal loops) correspond to those with large B factors,
because both measurements partially reflect local flexibil-
ity in the 3D structure. Several residues in the RT-Src
loop have the highest rms deviation in the solution struc-
ture; the B factor of these residues is quite low in the
crystal structure. Although both intrinsic flexibility and
lack of NOE constraints could lead to a high rms
deviation, the difference in this case probably reflects
ligand binding reducing the mobility of residues in the
RT-Src loop. An ongoing 15N relaxation experiment to
investigate the dynamics of free and liganded Abl SH3
should shed further light on this.
The structural character of the Abl SH(32) dual domain
Once the 3D structures of isolated Abl SH3 and Abl SH2
[11] domains were known, it was possible to consider the
structural relationship between these two domains in the
Abl SH(32) regulatory apparatus. We investigated the
Abl SH(32) dual domain construct using NMR spec-
troscopy. The NMR spectra and ligand-binding affinity of
Abl SH(32) were compared with those of the isolated
domains, SH3 and SH2. Our results show that the Abl
SH3 and Abl SH2 subdomains in SH(32) are connected
by a flexible segment (Prol18-Ser126), the two sub-
domains being structurally relatively independent.
Abl SH(32) does not form a dimer in the unliganded
solution state, therefore a structure model for Abl SH(32)
(Fig. 6) can be constructed from Abl SH3 (this work) and
Abl SH2 [11] solution structures; (see [12,25] for the
nomenclature of secondary structure elements for SH3,
and for SH2 nomenclature see [34]). This model is
supported by the observations and analyses detailed below.
1H and 5N chemical-shift index
The 'H-15N HMQC spectra of Abl SH2, Abl SH3 and
Abl SH(32) are shown in Figures 7a-c. It is striking that
the H-15N HMQC fingerprint of the SH(32) closely
resembles the summation of the spectra from the individ-
ual SH3 and SH2 domains. To illustrate this more clearly,
a set of reconstructed spectra, using the 'H and 15N
chemical shifts extracted from each HMQC spectrum, is
shown in Figures 7d-f. Peaks from the individual
domains, SH3 and SH2, are represented by open circles,
and those from the SH(32) domain are represented by
crosses. The superposition of SH3 peaks from the single
domain and those from the subdomain in SH(32) are
shown in; Figure 7d; Figure 7e shows an analogous super-
position, using. SH2-related peaks. The difference spec-
trum (Fig. 7f) results from the subtraction of SH3 and
SH2 subspectra from the SH(32) spectrum. Almost all
peaks corresponding to the Abl SH3 domain (residues
65-119, excluding Gly76, Asp77, His95 and Lysl05,
ABL L FVALYDF VASGDNT LSITKGEK LRVLG YNH NGE WCEAQ TKN GQQWV PSNY ITPV
FYN VTL FVALYDY EARTGDD LSFHKGEK FQILN SS EGD WWEAR SLTTG ETGYI PSNY VAPVD
SRC T FVALYDY ESRTETD LSFKKGER LQIVN NT EGD WWLAH SLTTG QTGYI PSNY VAPSD
SPEC DETGKEL VLALYDY QEKSPRE VTMKKGDI LTLLN ST NKD WWKVE VN D RQGFV PAAY VKKLD
CRK3N AEY VRALFDF NGNDEED LPFKKGDI LRIRD KP EEQ WWNAE DSE G KRMGI PVPY VEKYR
GRB2N ME AIAKYDF KATADDE LSFKRGDI LKVLN EEC DQN WYKAE LN G KDGFI PKNY IEMKP
LCK DNL VIALHSY EPSHDGD LGFEKGEQ LRILE Q SGE WWKAQ SLTTG QEGFE PFNF VAKA
P13K MSAEGYQ YRALYDY KKEREED IDLHLGDI LTVNK GSLVALGFSDGQEAKPEEIG WLNGY NETTG ERGDF PGTY VAEYIG
-RT-Src-------- --n-Src---------- distal 310
--1-- --- -j-- -4-- -[5-- -36-
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which were not observed in the SH3 HMQC spectrum)
had chemical-shift differences of less than 0.03 ppm in
1H and 0.3 ppm in 5 N in the SH(32) spectra (Fig. 8).
Exceptions to this were residues Phe66, Ala68, Leu69,
Ser75, Thr79, Leu88 and Ilel116, whose shift deviations
were 0.03-0.05 ppm for 1H and 0.3-0.5 ppm for 15N.
Most of these residues are located in the first and last
[ strands (31 and [36) of SH3. In the isolated SH3
domain these two strands are tightly connected in the
antiparallel 3 sheet S1, but in the SH(32) construct the
connection of the 6 strand to the SH2 subdomain may
perturb the orientation and connection of 131 and 36.
Fig. 6. A model of the solution structure of Abl SH(32) con-
structed from the NMR solution structure of Abl SH3 and Abl
SH2 [11], using the same relationship as that of the Lck SH3 and
SH2 110]. The secondary structure elements in Abl SH(32) were
labeled as for individual Abl SH3 (see Fig. 4a) and Abl SH2
[11,34] domains. All loops are in blue, unlabeled.
1H chemical shift (ppm)
Peaks corresponding to the SH2 domain (120-220)
were all found in the SH(32) domain (Fig. 7) (with the
exception of Asnl20 and serines 121, 142, 143, 156,
180, and 188, which were missing from the HMQC
spectrum of the individual SH2 domain). The chemi-
cal-shift difference for 95% of the peaks was less than
0.03 ppm in 1H and 0.3 ppm in 15N. Residues with
large shift deviation (maximum 0.05 ppm in 1H and
0.5 ppm in 15 N) such as Lys124, Lys219 and Arg220
(Fig. 7), were found mostly in the beginning and end
parts of the SH2 sequence. These observations suggest
Fig. 7. Comparison of the 1H-15N
HMQC fingerprint spectra of Abl SH(32)
and the individual domains, Abl SH3
and Abl SH2. (a,b) HMQC spectra of
SH3 and SH2 individual domains,
respectively. (c) HMQC spectrum of
SH(32). The peaks of side-chain imino
NHs of Trp99, Trpl10, and Trp127 are
located in the region with chemical shift
(1H, 5N) greater than (10, 129) ppm.
(d,e) A comparison of the reconstructed
HMQC spectra (indicated by crosses) of
the SH3 and SH2 subdomain, respec-
tively, in SH(32), using 1H and 15N
chemical shifts extracted from SH(32)
HMQC spectrum (c), with the corre-
sponding spectrum from the individual
domain (indicated by circles). (f) Resid-
ual peaks after subtracting the sub-
domain spectra (a,b) from the SH(32) (c)
spectrum. All spectra were collected at
25°C. 500 MHz.
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Fig. 8. Summary of the observations
from NMR spectroscopy that establish
the structural relationship between the
subdomains SH3 and SH2 in SH(32).
1HA8 and 5 NA8 are the 1H and 15N
chemical-shift deviations, respectively,
of Abl SH(32) from that of individual
Abl domains, SH3 and SH2. 15N
linewidth ratio SH2/SH(32) represents
that of non-overlapped peaks in HMQC
spectra of SH2 and SH(32). ' 5N{ 1H
NOE represents the steady state het-
eronuclear 15N{1H1 NOE of Abl SH(32)
(residues 65-220). The blanks between
bars are due to prolines or unobserved
residues in the HMQC spectra. Large
negative NOEs at the first residue (59)
and the last residue (229) were observed
but are not shown. The short lines on
top of each bar represent the standard
deviation from the averaged NOE value
of three sets of experiments. At the bot-
tom, the secondary structure elements
from the individual Abl SH3 and Abl
SH2 domains are listed (as in Fig. 6)
along the sequence. Residues 65-119
correspond to SH3 and residues
120-220 to SH2.
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Fig. 9. Sequences of Abl SH3, SH2 and
SH(32) [1,34]. The elements of sec-
ondary structure are labeled as for the
individual SH3 and SH2 domains.
Loops and turns are not labeled. The
residues in the linker region are
indicated with bold green letters.
Residues in lower case result from the
expression system used.
that the structural contact between
subdomains is very limited.
the SH3 and SH2 the individual domains but may be visible in the HMQC
map of Abl SH(32), especially in the linker range.
In addition to the chemical-shift index of the backbone
1H and 15N, the chemical shifts of the side-chain imino
amides of Trp99 and TrpllO were at 10.18 ppm and
130.27 ppm, respectively and at 10.13 and 129.86 ppm in
SH3 (Fig. 7), well separated from those of amides. The
change in chemical shift from SH3 to SH(32) was less than
0.01 ppm in 1H and 0.25 ppm in 5 N (Fig. 7). This obser-
vation suggests that the critical binding sites of Abl SH3
were not blocked by SH2 in the SH(32) dual domain.
The peaks in Figure 7f have not been completely
assigned. They can be classified into three groups:
asparagine or glutamine side-chain carboxamides (from
the characteristic chemical shifts of carboxamide groups,
it is seen that six peaks in the difference spectrum are due
to three pairs of side-chain amides); those resulting from
the difference in sequence of Abl SH(32) and Abl SH2,
which is indicated in lower case letters in Figure 9; and
some peaks which were missing in the HMQC map of
We were unable to assign fully the peaks in the difference
spectrum because of the short T2 of Abl SH(32), which
limited the power of the 3D TOCSY-HMQC [19]
experiment, and because of the signal overlap in the 3D
NOESY-HMQC [19] spectrum. In the cases where reso-
lution was sufficient, the NOE strips from the 3D spec-
trum were consistent with the assignments. The
conclusion that the Abl SH3 domain and Abl SH2
domain are relatively independent in Abl SH(32) does
not rely on the full assignment of the difference spec-
trum, but on the individual SH3 and SH2 domains being
similar in character to the subdomains of SH(32). This
conclusion is further supported by the results of the
hydrogen/deuterium exchange experiments.
Hydrogen/deuterium exchange experiments
When the Abl SH(32) dual domain was subjected to
H/D exchange, the resulting time series of spectra was
very similar to that of SH2, but with a few residual peaks
I I . - I
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from the SH3 subdomain at the first time point (16 min).
By the second time point (24 min) all peaks from SH3,
except that of Vall11, vanished (Vallll disappeared
later). This is indicative of almost immediate exchange
and is the expected behavior for the SH3 domain. In the
SH2 domain, most of the core residues that were in very
slow exchange were the same as in the isolated SH2
domain (Fig. 10). The semiquantitative values of appar-
ent exchange rates were extracted from the exchange
time series of SH2 and SH(32) (data not shown). The
ratio of kSH2 to kSH(32) is close to one for most residues
in slow exchange. The overall trend indicates that in Abl
SH(32) the core structure of subdomain SH2 was not
affected by the SH3 subdomain, and vice versa.
15N 1H) steady state NOE experiment
The values of the 15N{1H} steady state NOEs [35] for
the Abl SH(32) domain are shown in Figure 8 (last row).
The change of the 5 N{'H} steady state NOE as a func-
tion of sequence is consistent with the secondary struc-
tures of the Abl SH3 and Abl SH2 domains. In the
regions with well defined secondary structure elements,
such as 3 sheets or a helices, the average steady state
NOE is between 0.7 and 0.8, as expected [35]. In the
loop regions, the steady state NOEs become small, or
zero. At the N terminus and C terminus of Abl SH(32),
peaks show strong negative heteronuclear NOEs, due to
the higher flexibility of the termini. It is worth noting
that Prol18, Leu122 and Glu123 show relatively low
positive NOEs. This indicates that the linker region,
Proll8 to Ser126, is probably more flexible than
surrounding 3 strands. The elements of secondary struc-
ture in the SH(32) domain were identified on the basis of
those in the individual SH3 and SH2 domains (Figs 8,9).
The 5N{1H} steady state NOE profile of SH(32)
supports that identification, except in the region of
H chemical shift (ppm)
residues 206-216 (corresponding to the last 3 strand, 3G,
and the loop before 3G in SH2). This discrepancy is
most likely to be due to the differences in the C-terminal
sequences of SH(32) and SH2 (see Fig. 8).
15N linewidth
About 50% of the peaks in the 'H- 15 N HMQC spectra
of both Abl SH(32) and Abl SH2 were not overlapped.
The 15N linewidths of those peaks in Abl SH2 were
between 11 and 14 Hz, and between 16 and 20 Hz for
Abl SH(32), with a possible error of ± 2 Hz for both. By
taking the ratio of the linewidth from the corresponding
peaks, the contributions to linewidth from factors other
than molecular size were largely canceled, as the
1H- 15 N HMQC spectra were acquired and processed
under essentially identical conditions. The linewidth
ratio of the corresponding peaks in SH2 and SH(32) is
between 0.6 and 0.7 (Fig. 8). This is consistent with the
molecular weight ratio of 12000:18600 [SH2:SH(32)],
indicating that Abl SH(32) in solution (0.7 mM in PBS,
pH 7.2, 25 C) is not dimerized.
Affinity to ligands
Figure 11 shows the ligand-binding properties of Abl
SH(32) in comparison with those of Abl SH3 and SH2
domains. The dissociation constant, Kd, for the SH(32)
binding to the SH3 natural ligand 3BP2, is 10.7 + 0.3
,uM (Fig. lid), which is about the same as that for SH3
binding to 3BP2, 10.5 + 0.2 M (Fig. l1c). For the
SH(32) binding to the SH2 natural ligand 2BP1
(Pro-Val[L-O-pTyr]Glu-Asn-Val amide) [36], however,
it is 2.4 + 0.3 vxM (Fig. lb), which is not significantly
different from a Kd of 2.0 of ± 0.2 ILM for SH2 binding
to 2BP1 (Fig. la). No affinity change is apparent as a
result of the joining of the domains. To check if there is
any cooperative effect, another two series of fluorescence
Fig. 10. 1H-15N HMQC spectra of
slowly exchanging amides in Abl SH2
and Abl SH(32) after 24 min and 90 min
in an H/D-exchange time series. Each
peak is labeled with the corresponding
residue number in the Abl SH(32)
sequence. All spectra were collected at
wl =50.68 MHz, and spectral
width=2000 Hz, in the 15N dimension.
SH2 and SH(32) were at concentrations
of 2 mM and 0.7 mM, respectively. (a)
SH2 at 24 min (number of scan (ns)=16
with 32 increments in 15N dimension).
(b) SH(32) at 24 min (ns=8, 32 incre-
ments). (c) SH2 at 90 min (ns=16, 64
increments). (d) SH(32) at 90 min
(ns=32, 64 increments). When the semi-
quantitative exchange-rate constants
were extracted from each exchange
time series, the peak intensities were
scaled to the intensity in the last set in
the time series with ns = 128, and 128
incrPmpnts
E0.
0.
E
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titration experiments were performed. In one series, the
Abl SH(32) were titrated first with 3BP2 until saturated
(Kdl= 10.7 ± 0.3 [iM) and then with 2BP1 (Kd2 = 1.7 +
0.4 puM). In the other series, the Abl SH(32) were
titrated first with 2BP1 until saturated (Kd3 = 2.3 0.9
,iM) and then with 3BP2 (Kd4 = 10.9 ± 0.3 [xM). Com-
paring Kdl with Kd4 for binding to 3BP2, and Kd2 with
Kd3 for binding to 2BP1, the differences are within the
range of measurement error. These data clearly indicate
that there is no cooperative effect. As in the SH(32)
model, there is no close interaction between the SH3
and SH2 subdomains. The binding sites on SH3 and
SH2 do not interfere with each other, therefore their
ligand affinities are expected not to be significantly
different from those of individual domains. These results
are comparable with those for in vitro ligand binding of
Grb2 [37,38], in which the proline-rich peptide and the
peptide bearing phosphotyrosine bind to the SH3 and
SH2 domains independently.
Comparison of Abl SH(32) with Lck SH(32)
Although the solution structure model of Abl SH(32), a
monomer, appears to differ from the crystal structure of
Lck SH(32), a dimer [10], our results from NMR spec-
troscopy and the ligand-binding study are quite consis-
tent with observations on Lck SH(32). The dimerization
was not observed for Lck SH(32) in solution [10] and the
sequence of Abl SH(32) is significantly different from
that of Lck SH(32). In Lck SH(32), extensive intermole-
cular interactions occur as a result of three salt bridges
(His70-Asp187, Glu73-Argl84, Glu96-Arg196), one
hydrogen bond between Asn 14 and Pro195, and
Fig. 11. Ligand affinity of Abl SH(32), compared with those of
Abl SH2 and Abl SH3. The dissociation constants Kd, extracted
from each titration curve are: (a) 2.02 0.23; (b) 2.35 ± 0.34; (c)
10.5 ± 0.2; (d) 10.7 ± 0.3 iM.
the hydrophobic interactions Prol 112-Prol95,
Phel 115-Pro195, Trp97-Pro195, and Phe115-Thrl96.
In Abl SH(32), in the positions corresponding to salt
bridges in Lck SH(32), the residues are Tyr70-Ser180,
Val73-Asn177, and Glu98-Glu189, and these residues
cannot form salt bridges. Also, in Abl, the equivalent
pairs Proll12-Serl88, Tyrll115-Serl88, Trp99-Ser188 and
Tyrll5-Argl91 would not form strong hydrophobic
interactions. The absence of Abl SH(32) dimerization in
solution, therefore, is unsurprising. Experimentally, there
was no evidence of dimerization of Abl SH(32) under
the condition of NMR investigation (pH 7.2, maximum
0.7 mM protein in PBS solution, 25 C).
In summary, when individual SH3 and SH2 domains
are compared with the dual domain SH(32) construct,
the perturbations in backbone chemical shift mainly
occur in the region close to the linker, that is 31 and
36 in SH3 and the loop at the beginning of SH2. The
similarity in amide hydrogen/deuterium exchange
properties shows that there is no essential change in the
hydrogen-bond network. The intermolecular hydrogen
bond from Asnll14 in Lck SH(32) was not apparent in
Abl SH(32). This ligand-binding study shows that the
ligand-binding constant was the same for both the indi-
vidual domain and the dual domain, indicating that the
surface of SH3 in the Abl SH(32) construct was not
'blocked' by the SH2 domain, and vice versa, allowing
the availability of binding sites to their respective ligands
to remain unchanged. It is worth pointing out that
chemical shift is very sensitive to changes in the local
environment of a residue. If there is any ion pairing,
hydrogen bonding, or strong hydrophobic interaction
originating from intramolecular interdomain contacts or
from intermolecular interaction, it is likely to be
detected by a significant change in chemical shift.
Residues Trp99 and Trp l10 are critical binding sites on
Abl SH3; for Lck SH(32), Trp99 forms a strong
hydrophobic interaction with the intermolecular SH2
domain. In the case of Abl, the change in chemical shift
of the side-chain imino NH of Trp99 and Trpl 10, from
individual SH3 domain to the SH(32) domain, is less
than 0.01 ppm in H and less than 0.25 ppm in 5N.
This is clear evidence that Abl SH(32) in solution does
not form a similar head-tail type structure to that found
in the Lck SH(32) crystal structure, but remains in the
'open' monomer state, as observed for Lck SH(32) in
solution. It is difficult to separate effectively the possible
intermolecular crystal packing interactions from the
intramolecular association between domains, in crystal
structures. This issue does not arise for solution NMR
studies. Because of the complexities in the function and
structure of dual domain proteins, so far only a few of
them have been characterized in solution [39-41]. The
relationship between two subdomains varies from tight
interaction [39] to flexible connection that allows rela-
tively independent motion of subdomains [41]. In case
of Abl SH(32) dual domain, the interactions between
SH3 and SH2 subdomains are limited to a region close
to the linker.
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Biological implications
SH3 and SH2 domains (Src homology 3 and 2,
respectively) are small protein modules found in
many proteins that are involved in the control of
cell growth and differentiation. SH3 domains
comprise approximately 60 amino acids and
mediate protein-protein interactions by recogni-
tion of specific proline-rich protein sequences.
SH2 domains are approximately 100 amino acids
long and act by recognition of specific protein
sequences bearing phosphorylated tyrosine.
Although the structures of isolated SH3 and
isolated SH2 domains from a number of proteins
have been determined by both X-ray crystallogra-
phy and solution NMR, the functional and struc-
tural relationships between the SH3 and SH2
domains are not well established.
In the Abl SH(32) dual domain, all observations
from NMR spectroscopy, chemical-shift index,
steady state NOE and amides in slow H/D
exchange suggest that the interactions between
SH3 and SH2 subdomains are limited in the
region close to the linker. The core structures of
two subdomains remain unchanged from those in
isolated individual domains. The structural model
of Abl SH(32), a monomer, is based on the solu-
tion structure of Abl SH3 and Abl SH2, and on
the high degree of similarity between NMR
spectra from isolated SH3 and SH2 domains and
spectra obtained when they are present as sub-
domains of SH(32). The model of the structure of
Abl SH(32) fully explains the ligand-binding
characteristics of Abl SH(32). This model is also
consistent with the results of mutagenic analysis of
the function of Abl SH3 and SH2 in vitro, where
these two domains act relatively independently. In
vivo, the function of SH3 is position-sensitive, and
the regulation mechanism is more complex. The
modulation of kinase activity in intact full-length
Abl in vivo presumably arises from an inter-
molecular association involving SH2, SH3, and
kinase domains with an unknown regulator. There
appears to be no obvious pre-existing structural
control between the SH2 and SH3 domains on the
basis of this study of SH(32).
Materials and methods
Abl proteins were expressed as glutathione-S-transferase (GST)
fusion proteins in E. coli NB42 [1,42], enzymatically cleaved
from GST, and purified. Transformed cells were grown in Luria
broth (LB) and induced at OD600= 1.0 with 0.1 mM
isopropyl-l-thio-[3-D-galactoside. After 4 h induction the cells
were collected, resuspended with lysis buffer, sonicated and
centrifuged. The GST-SH3 [or SH2, SH(32)] domain proteins
in the supernatant were purified by binding to
glutathione-agarose beads (Molecular Probes, Inc.) and thor-
oughly washed with phosphate buffered saline (PBS) containing
100 mM EDTA, and then with TN buffer (50 mM Tris,
pH 7.5, 150 mM NaCI). The SH3 [or SH2, SH(32)] domain
was cleaved from the fusion protein using thrombin (100 units
per liter of initial culture), and GST was left on the beads. The
protein in solution was further purified using a Superose-12 col-
umn (Pharmacia), eluted with PBS, and then concentrated using
Centriprep-3 concentrator (Amicon). The final protein was ana-
lyzed by sodium diodecyl sulfate (SDS) gel electrophoresis, with
20% polyacrylamide, and mass spectrometry (MS). All had the
correct mass by MS. Their sequences are shown in Figure 8. For
'
5N-labeled SH3, SH2 and SH(32) samples, the DHot5 strain in
E. coli and minimal medium M9 was used, with lg L- 1
'
5NH4C1 as the sole 15N source. The NMR samples consist of
0.7 mM 15N-labeled protein [for SH3 and SH(32)], or 1.5 mM
non-labeled protein (for SH3), in PBS/H20, 8% v/v D20,
0.1 mM NaN 3 and 2 mM DTT-dlo, pH 7.2. D20 samples
were prepared by lyophilizing the protein in PBS/H 2 0 and
redissolving it in D20. Peptides for ligand assays were prepared
by standard Fmoc procedures, and were >95% pure by high
performance liquid chromatography (HPLC).
The solution structure of Abl SH3 was determined using
multi-dimensional double resonance NMR spectroscopy. The
NMR spectra of Abl SH3, Abl SH2 and Abl SH(32) were
recorded at 250C on a GE Omega 500 MHz spectrometer using
a double resonance inverse probe, unless otherwise stated.
Quadrature detection in the indirectly detected domain was
achieved by the hypercomplex method [43]. The water suppres-
sion technique used was presaturation during the recycle delay,
and the 'H carrier was placed on the H20 resonance frequency.
For spin-system assignment the following experiments were
performed: 2D 'H-'H DQF-COSY [13], TOCSY [14] (using
DIPSI2 sequence with mixing time = 14, 34, 51, 58 ms) on
both HO2 0 and D20 samples; H-' 5 N HMQC [16], HTQC
[17] on the H20 sample; and 'H-13C HSQC [20] and H-13 C
HQQC [21] on the D20 sample. Sequential assignment and
NOE constraints were made on the basis of 2D 'H-'H NOESY
[15] (60, 100, 150, 180 ms) in both H20 and D20, 2D l5N
filtered NOESY and 3D NOESY-HMQC [19]. 3J H'-Hot
coupling constants were measured usingJ-HMQC [18].
The exchange rate between labile amides and D20 ('H/D'
exchange) was measured by monitoring the H'-15N cross-peak
intensities in a series of 'H-15N HMQC experiments collected
at increasing time intervals.
H'-l5N cross peak and 15N linewidths of Abl SH3, SH2 and
SH(32) were measured from a set of HMQC spectra collected
and processed under essentially identical conditions. In the 15N
dimension, a spectral width of 2000 Hz, with 256 increments,
was used for spectrum collection, and a 300 squared sine bell
window function was used in spectrum processing. By zero
filling to 512, the resulting resolution in the final spectra was
3.9 Hz per point.
Steady state heteronuclear ' 5N{'H} NOEs [35] were
measured on a Bruker DMX-600 spectrometer using a non-
interleaved version of sensitivity enhanced experiments [44],
to which WATERGATE [45] gradient suppression of solvent
had been added.
NMR spectra were processed using RUNMR [46] or
UXNMR (Bruker Instruments, Inc.). The software package
XEASY [47] was used for spectrum analysis, assignment and
volume integration of 2D NOESY cross peaks. The volumes
of NOESY peaks were converted to distance constraints using
the program CALIBA [23].
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Structure calculations used the distance geometry program
DIANA [23] and the REDAC procedure [48]. 640 significant
distance constraints, derived from NOE cross-peak volume and
44 angle constraints from dihedral angles, were used as initial
input for SH3. The set of 20 structures with lowest target func-
tions was analyzed. Spectra critical to the analysis of the Abl
SH(32) structure were HMQC, NOESY-HMQC, and estima-
tion of slow exchange rates from serial HMQC. Assignments
of Abl SH(32) HMQC spectrum were made by chemical-shift
similarity, exchange similarity to the HMQC spectra of
individual SH3 and SH2 domain, and NOESY-HMQC. The
steady state NOE spectra of Abl SH(32) were recorded on a
Bruker DMX-600.
Fluorescence binding of peptides to SH3, SH2, or SH(32) was
conducted at 18° in a stirred cell using a Perkin Elmer 650-40
fluorimeter. Affinity constants were calculated by fitting the
equation (1)
Kd=([total ligand]-[complex]) ([total protein]-[complex])/(complex)
in the form
[total ligand] =(KdX F+(Fmax-F) xFX [total protein] /Fla)/(Flax F)
where F is the fluorescence quenching of dynamic pH with a
given ligand concentration, [total ligand], and Fmax is the total
fluorescence quenching of the protein saturated with ligand.
Kd and Fmax were treated as fitted parameters. Standard errors
shown are from the error of the regression line; when carried
out, estimates of errors were comparable for multiple determi-
nations.
Protein concentrations were determined by UV absorption
(X=280 nm): SH2, 14650 M-'cm; SH3, 15200 M-'cm-1;
SH(32), 29850 M-' cm-'. The peptide concentration of 2BP1
(1752 M-1' cm- t) was determined by UV absorption
(X=264 nm) and the concentration of 3BP2, from 1450 M- '
cm -I at = 276 nm.
The atomic coordinates of the derived SH3 structure will be
deposited in the Brookhaven Protein Databank. Coordinates
are directly available from the Word Wide Web
(http://mriris.rockefeller.edu).
Note added in proof
The general positioning of the domains (see Fig. 6) is con-
firmed by studies of the binding affinity of ligands consolidat-
ing the 2BP1 and 3BP2 sequences, and separated by a linker of
variable length. (D Cowburn, J Zheng, Q Xu & G Barany, J.
Biol. Chem. in press).
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